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I.  Introduction 


Measurement  of  the  intensity  and  spatial  variations  of  the  resonantly 
scattered  Hell-304  A  emission  line  in  the  earth's  airglow  represents  an 
important  and  perhaps  unique  method  for  determining  the  global  distribution 
of  thermal  He+  in  the  plasmasphere  (Young  et  al.  1971a).  For  this  reason, 
a  number  of  such  measurements  have  been  carried  out  (Young  et  al.  1971b; 

Ogawa  and  Tohmatsu,  1971;  Meier  and  Weller,  1972;  Paresce  et  al.,  1973,  1974; 
Weller  and  Meier,  1974),  and  a  number  of  theoretical  calculations  performed 
(Schunk  and  Walker,  1970;  Murphy  et  al. ,  1979;  Chiu  et  al.,  1979;  Raitt 
et  al.,  1978;  Ottley  and  Schunk,  1980  and  the  references  therein).  Due 
to  the  low  sensitivity  (a  few  counts  s  ^  Rayleigh  ^)  and  low  spatial 
resolutions  (  =  10°  FWHM)  of  these  observations,  simple  ad-hoc  models  of  the 
plasmaspheric  He+  distributions  such  as  constant  density,  power  law  or  diffusive 
equilibrium  models,  have  been  found  to  fit  the  available  data  reasonably 
well  and  have  been  useful  in  deriving  results  whose  accuracy  is  comparable  to 
the  large  uncertainties  in  the  models  and  the  data.  The  EUV  telescope  on 
the  Apollo-Soyuz  mission  (ASTP)  has  carried  out  a  comprehensive  study  of 
the  Hell-304  X  nightglow  with  orders  of  magnitude  more  sensitivity  (860 
counts  s  *  Rayleigh  *)  and  much  higher  spatial  resolution  (2.5*  FVHM)  than 
heretofore  available.  Results  of  a  preliminary  analysis  of  these  data  using 
the  models  just  described  have  been  reported  by  Chakrabarti  et  al.  (1980). 

These  authors  showed  that  these  models  were  inadequate  to  explain  the  complex 
variations  of  the  observed  signal  obtained  over  such  a  wide  range  of  plasma- 
sphere  parameters  and  were  thus  of  limited  usefulness  in  obtaining  an 
accurate  and  realistic  determination  of  the  He+  distribution.  In  this  report, 

e 

the  results  of  a  comparison  of  the  ASTP  Hell-304  A  observations  with  the 
predictions  of  a  self-consistent  kinetic  equilibrium  model  of  the 
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plasmaspheric  ion  density  described  by  Chiu  et  al.  (1979)  are  given,  and 
the  implications  of  such  a  comparison  on  our  understanding  of  the  global 
distribution  of  thermal  plasma  in  the  earth's  atmosphere  are  discussed. 

II.  Observations 

The  data  discussed  here  were  acquired  by  the  extreme  ultraviolet 
telescope  (EUVT)  carried  into  a  215  km  altitude  earth  orbit  by  the  Apollo- 
Soyuz  rr'ssion  (ASTP)  in  July  1975.  The  telescope  (described  in  more  detail 
in  Lampton  et  al.,  1976;  and  Bowyer  et  al. ,  1977)  consists  of  a  37  cm  diameter 
grazing  incidence  flux  collector,  a  continuously  rotating  six  position  filter 
wheel  and  a  pair  of  channel  electron  multiplier  photon  detectors.  The 
experiment  was  operated  as  a  five  color  photometer  with  the  combination 
of  thin  film  filters  and  the  response  of  the  detector  and  optics  defining 
bandpasses  of  45-185,  114-185,  170-620,  500-780,  and  1350-1700  X.  An  opaque 
position  on  the  filter  wheel  permits  nearly  continuous  monitoring  of  inherent 
detector  background  during  the  observations. 

Count  rates  from  both  detectors  are  telemetered  each  0.1  sec,  cyclically 
providing  0.7  seconds  accumulation  of  data  at  each  bandpass  every  six 
seconds.  The  field  of  view  of  the  instrument  is  circular  with  a  sharply 
defined  trapezoid  profile  with  selectable  widths  of  2.5  and  4.3*  FWHM 
obtained  by  commanding  either  of  the  detectors  into  the  focal  position.  The 

instrument  sensitivity  as  a  function  of  wavelength  for  the  bandpasses  relevant 

1 

to  our  discussion  in  this  report  is  given  by  Paresce  et  al.,  1981. 

The  170-620  X  bandpass  defined  by  an  aluminum  and  carbon  thin  film 
filter  has  a  non-negligible  residual  sensitivity  at  the  wavelength  of  the 
resonance  line  of  neutral  helium  at  584  A,  also  a  prominent  feature  of  the 
night  sky  in  the  EUV.  Its  intensity  can  be  measured  with  the  500-780  X  EUVT 
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passband  defined  by  the  tin  thin  film  filter  and  its  contribution  to  the 

O  O 

signal  in  the  170-620  A  band  assessed  and  removed  to  yield  the  304  A 

i 

intensity  alone.  For  a  typical  intensity  of  the  584  A  line  of  1  Rayleigh 

(Freeman  et  al.,  1977),  the  sensitivity  of  the  instrument  to  304  X  radiation 

is  860  counts  s  ^  Rayleigh  ^  for  the  2.5°  FWHM  detector. 

The  experiment  was  operated  primarily  in  a  pointed  mode  using  the 

Apollo  guidance  system  to  orient  the  spacecraft  and  the  telescope  at  a  numbe 

of  pre-selected  stellar  target.  As  the  telescope  was  slewed  from  one 

target  to  the  other  and  as  the  spacecraft  moved  from  north  to  south  in  its 

« 

55°  inclination  orbit,  a  large  region  of  the  night  sky  was  covered  by  the 
instrument.  A  typical  scan  of  the  night  sky  obtained  in  this  way  with  the 
2.5°  FWHM  detector  is  shown  in  figure  1.  The  observed  intensity  in  Rayleigh 
(1  Rayleigh  =  10  /4tt  photons  sec  cm  sr  )  of  304  X  radiation  during  the 
maneuvers  as  a  function  of  UT  in  seconds  after  1200  UT  July  21,  1975  appears 
in  the  upper  panel  of  this  figure  (crosses). 

The  observations  were  made  at  local  spacecraft  times  between  1900  and 
0500  hours.  The  first  part  of  this  pass  between  UT  -  2300  seconds  and 
2800  seconds,  covered  the  northern  latitudes  of  the  plasmasphere,  while 
between  UT  a  3200  and  z  3800,  the  line  of  sight  was  completely  contained 
in  the  earth's  shadow.  Finally,  the  southern  hemisphere  was  explored  at 
UT  >  2800  seconds.  The  model  predictions,  discussed  in  detail  in  section 
III,  are  shown  with  full  lines  in  figure  1.  The  lower  panel  displays 
the  corresponding  values  of  the  distance  R  in  Earth  radii  from  the  Earth's 
center  at  which  the  line  of  sight  breaks  into  sunlight.  We  define  this 
point  to  be  P^.  Also  shown  are  the  invariant  magnetic  latitudes  of  the 
point  P^  for  the  corresponding  lines  of  si ;ht.  The  magnetic  latitude  and 
longitudes  of  the  spacecraft  ranged  fru.  19.4*  and  14.0"  E  aC  T  ■  2300  to 


MLAT  21  -6  -14  -26  -37  -35 


Figure  1.  Intensity  of  the  observed  304  A  feature  in  Rayleighs  plotted 

as  a  function  of  UT  shown  with  crosses.  The  model  predictions 
are  shown  with  the  solid  line.  The  altitude  (Rp  of  the  point 
(P  )  (see  figure  2)  where  the  line  of  sight  breaks  into  sun¬ 
light  is  shown  in  the  bottom  panel  for  the  corresponding 
points.  Also  shown  is  the  magnetic  latitude  of  for  the  . 
corresponding  times. 
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-40.9°  and  -31.5°  W  at  T  =  4400  seconds  respectively.  The  appropriate  viewing 
geometry  is  shown  in  figure  2.  The  shadow  height  was  taken  to  He  at 
300  km.  where  the  transmission  of  the  304  X  feature  through  the  atmosphere 
is  10%  (Paresce  et  al.  1973). 


III.  Analysis  and  Discussion 

»  O 

The  expected  intensity  of  the  304  A  radiation  in  Rayleighs  in  a 
scattering  medium  which  is  isothermal,  optically  thin  and  at  rest  with 
respect  to  the  earth  can  be  shown  (Paresce  et  al .  1973)  to  be  given  by: 


P 

(  2  ) 

I  =  10~6  A  j 

|  p(0)(7TFv)of 

Z 

it  e 

m  c 
e  ' 

n(He+)  dz 


(1) 


where  z  is  the  line  of  sight  direction,  p(0)  is  the  phase  function  for 
scattering  through  an  angle  0,  (TrF^)^  is  the  solar  flux  at  the  line  center, 
f  is  the  oscillator  strength  of  the  304  X  transition,  n(He+)  is  the  number 
density  of  He+  in  the  plasmasphere ,  A  is  the  attenuation  factor  for  pure 
absorption  at  304  X  by  thermospheric  0 ^  and  0.  This  factor  is  calculated 
for  the  conditions  appropriate  to  the  time  of  flight  using  the  MSIS  model 
using  data  from  mass  spectrometers  on  five  satellites  and  four  ground-based 
incoherent  scatter  stations  (Hedin,  1979).  The  scattering  phase  function 

O 

(0)  for  304  A  is  (Brandt  and  Chamberlain,  1959) 


P(0)  -1+1/4  (2/3  -  sin2  0)  (2) 

where  9  is  the  angle  between  the  line  of  sight  and  the  sun-scatterer 
direction.  The  value  of  the  integrated  solar  line  flux  at  304  X  used  in 
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our  calculation  was  7.1  x  10  photons  cm  sec-1.  This  value  was  obtained 

by  che  F.UV  spect  rorot or  on  ihe  AE— E  satellite  durine  the  solar  quiet  period 

of  July  13-28,  1976  (F  =  67)  (Hinterepjjer  et  al.  1981)  in  the  300-350  A 

pnssband.  This  value  is  consistent  with  observations  by  Herotix  and  Higgins 

0  9  9 

(1977),  whose  measured  solar  flux  at  Hell-304  A  was  6.9  x  10  and  7.4  x  10 

-2  -1  — 
photons  era  sec  under  similar  solar  conditions  (F  =  74  and  84  respectively) 

in  1973.  Using  0.15  A  as  the  width  of  the  solar  304  ^  line  (Behring  et  al. 

1972),  eq.  (1)  reduces  to 


1.05  x  10 


-11 


A  P(9) 


n(He+)  dz 


(3) 


Thus,  the  observed  intensity  essentially  depends  upon  the  integrated  column 

density  of  the  He+  ions  along  the  line  of  sight.  This  is  computed  by 

integrating  the  model's  predicted  number  density  profile  from  the  lower  to 

the  upper  bound  of  the  illuminated  column  (points  and  P 2  respectively  in 

figure  2).  The  latter  is  derived  from  the  standard  statistical  relationship 

between  the  plasmaspheric  radius  and  the  interplanetary  K  index  at  the  time 

P 

of  observation  (Binsack,  1967;  Carpenter  and  Park,  1973). 

The  He+  ion  distribution  we  adopted  is  based  on  a  model  discussed  in 
detail  by  Chiu  et  al.,  1979.  The  model  has  features  similar  to  the  conven¬ 
tional  diffusive  equilibrium  distribution  of  collisionless  plasmas  (see,  for 
example.  Bauer  1969)  with  the  important  difference  of  the  inclusion  of  an 
inhomogenous  magnetic  force  in  the  force  balance  equation.  This  force, 
required  by  kinetic  considerations,  is  significant  for  the  case  of  low 
and  medium  density  plasmas,  and  thus  is  important  in  the  plasmasphere.  In 
this  model,  the  distribution  of  He+  ions  of  masses  m^e+  at  a  radial 
distance  r  from  the  center  of  the  earth  is  given  by 
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(4) 


where  s  is  the  arc  length  along  a  dipolar  flux  tube  defined  to  be  zero  at 

( £)  + 

the  equator  and  s  =  £  at  the  reference  altitude  (500  km  ),  r>He+  is  ti>e  !-e 
number  density  at  s  =  £  and  T(s)  is  the  temperature  structure  of  the  plasma- 
sphere,  G  is  the  gravitational  constant,  is  the  earth's  mass,  and  is 
the  earth’s  angular  speed.  The  ion  distribution  depends  upon  the  magnetic 
field  Bg  at  s  and  the  self-consistent  ambipolar  diffusion  electric  field,  E. 
The  plasmasphere  is  assumed  to  consist  of  only  three  kinds  of  ions:  0+,  H+, 
and  He+.  The  equilibrium  solution  is  obtained  by  requiring  charge  neutrality, 
i.e. 

ne(s)  *  n0+(s)  +  "n+Cs)  +  nHe+(s>  (5) 

The  model  is  completely  specified  once  the  temperature  structure  T(s)  and 
the  ionospheric  density  n^e+  at  the  reference  altitude  are  specified. 

As  suggested  by  Chiu  et  al.,  the  temperature  profile  was  modelled  by 


where  a  determines  the  temperature  variation  as  a  function  of  L  and  8 
determines  the  variation  of  temperature  as  a  function  of  s  along  a  field  line 
for  a  given  L.  T^  is  the  ion  temperature  measured  by  the  Retarding  Potential 
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Analyzer  on  board  the  AE-C  satellite  at  300  km  at  0600  hours  local  tine  near 
the  magnetic  equator  during  the  time  of  our  observation.  C  is  a  scale 
factor  which  scales  the  AE-C  observations  to  yield  temperatures  at  500  km 
altitude  at  the  foot  of  the  field  lines  along  the  line  of  sight.  This  was 
obtained  from  a  standard  temperature-altitude  model  (Banks  and  Kockarts, 

197  3).  F^(t)  3  ^actor  which  accounts  for  the  variations  of  temperature 

with  local  time  (t)  and  is  determined  from  AE-C  measured  temperatures  in  the 

same  local  time  zones  as  ours  about  a  week  before  and  a  week  after  our 

observations  under  identical  solar  and  geomagnetic  conditions.  The  function 
(O'  has  approximately  the  shape  of  a  sine  wave  which  gives  a  temperature 
of  800°  K  at  00  hours  and  2000°  K  at  0600  and  1800  hours. 

The  values  of  the  different  parameters  used  in  modelling  the  temperature 
structure  are  as  follows: 

Tq  -  2000°  K,  S  -  1.21,  Tr  -  7000°  K,  a  -  8  -  0.5,  Lq  *  2 

These  parameters  yield  a  temperature  of  about  11,000°  K  at  the  equatorial 
plasmapause  consistent  with  the  available  measurements  discussed  in  detail 
in  Chiu  et  al.  1979.  In  this  analysis,  we  have  assumed  that  the  number 

density  of  H+  and  0+  ions  at  500  Km  do  not  vary  with  latitude,  local  time,  etc. 

inside  the  plasmasphere.  The  number  densities  of  H+  and  0+  at  the  boundary 
ionosphere  used  in  this  analysis  were  obtained  by  the  Bennett  ion  mass 
spectrometer  on  board  the  AE-C  satellite  at  300  Km  at  the  time  of  our  flight. 

We  extrapolated  these  values  to  500  Km  using  an  ionosphere  model  incorporating 
flow  along  magnetic  flux  tubes  as  well  as  production  and  loss  of  ionization 
(Young  et  al.  1980).  The  number  densities  0+  and  H+  at  the  reference 
altitude  (500  Km)  appropriate  for  our  conditions  were  found  to  be  40,000 
and  1,000  ions  cm  ^  respectively. 
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*e  have  used  the  He+  number  density  at  500  km  as  the  free  parameter. 

Unlike  the  0  ,  H  densities,  we  have  allowed  for  a  north-south  asymmetry 

in  the  He  distribution  at  500  Km.  We  have  included  a  winter  He^"  bulge 

at  500  Km,  such  as  that  possibly  observed  by  Brinton  et  al.  1969,  by 

using  two  different  number  densities  in  the  two  hemispheres.  Since  Fe+  is 

produced  by  photoionization  of  neutral  helium,  this  winter  He+  bulge 

could  be  associated  with  the  observed  neutral  helium  bulge  (Keating  and  Prior,  1963)  . 

In  order  to  study  the  sensitivity  of  the  model  predictions  to  the  input 
0  ,  H  number  densities  and  the  temperature  (Tq)  at  500  Km  we  varied  them  and 
found  the  following: 

1.  A  factor  of  two  change  in  the  0+  and  H+  densities  change  the 
theoretical  Hell  304  X  intensity  by  about  8  percent  each.  So  a 
realistic  variation  of  0+  and  H+  densities  with  latitude  at  500  Km, 
will  have  a  minimal  effect  on  the  calculated  intensities  and  will 
be  well  within  the  uncertainties  in  the  measurement. 

+  + 

2.  The  model  is  more  sensitive  to  T  than  0  or  H  densities.  A 

o 

factor  of  two  change  in  Tq  changes  the  predicted  intensity  of  the 
304  X  feature  by  30  percent.  The  plasma  temperature  variation  with 
latitude  at  400  Km  between  60®  N  and  60®  S  was  found  to  be 

Op  30%  (Titheridge  1976).  Such  a  variation  will  change  tne  moael's  prediction 
by  'V  102  and  will  be  within  the  absolute  accuracy  of  the  measurement. 

The  overall  best  fit  was  obtained  with  a  model  having  a  He+  number 
density  of  285  caT^  at  500  Km  in  the  north  (summer)  hemisphere  and  ^30 
ions  cm  ^  in  the  southern  heimsphere  shown  as  a  solid  line  in  figure  1. 

The  excellent  overall  fit  tto  our  observations  with  the  model  predictions 
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using  AE  data  at  the  time  of  flight  as  boundary  values  confirm  the  basic 
validity  of  the  Chiu  et  al.  model.  It  also  shows  that  Hell-304  A  photometry 
can  be  unfolded  to  yield  plasmaspheric  ion  distributions.  The  temperature 
structure  and  the  boundary  ionospheric  number  densities  are  the  only  input 
parameters  to  the  model.  Since  the  input  ionospheric  model  did  not  include 

any  variations  with  latitude,  local  time,  etc.,  the  good  agreement  of 

% 

model  predictions  and  observations  indicates  that  the  overall  features  in 
the  observations  are  primarily  controlled  by  the  plasmaspheric  temperature 
structure  and  the  ion  density  at  500  Km.  Moreover,  this  also  implies  that 
our  assumed  temperature  distribution  should  be  a  good  representation  of 
the  actual  one. 

Summary  and  Conclusions 

We  have  presented  the  first  derivation  of  the  plasmaspheric  He+  ion 
distribution  employing  satellite  measurements  of  scattered  Hell-304  X 
resonance  radiation  observed  by  the  extreme  ultraviolet  telescope  on  the 
Apollo-Soyuz  mission.  Emission  can  be  explained  by  a  He+  distribution 
computed  with  the  aid  of  a  plasmaspheric  model.  Magnetic  field  inhomo- 
genuities  as  well  as  collisions,  and  temperature  changes  within  the  plasma- 
sphere  are  included.  Normalization  to  ion  densities,  temperatures  and 
composition  observed  simultaneously  near  the  altitude  of  the  lower  bound¬ 
ary  enhances  the  effectiveness  of  the  model.  The  derived  He+  distribution 
has  a  midlatitude  summer  to  winter  ratio  of  0.6  at  500  km.  This  ratio 
is  consistent  with  seasonal  changes  in  neutral  helium  at  500  Km  which 
influences  the  photoionization  rate.  The  loss  of  He+  by  charge  exchange 
to  0^  and  Nj  will  also  be  less  in  winter  at  500  km  leading  to  further  the 
enhancement  of  He+.  * 
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Satellite  observations  of  extreme  ultraviolet  emissions  from  H  ,  0  » 
and  He+  affords  an  excellent  opportunity  to  explore  remotely  the  plasmaphere 
and  ionosphere.  In  the  present  instance  the  plasmaspheric  He+  distribution 
from  500  to  30,000  Km  has  been  determined. 
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LABORATORY  OPERATIONS 


The  Laboratory  Operations  of  The  Aerospace  Corporation  Is  conducting  exper¬ 
imental  and  theoretical  investigations  necessary  for  the  evaluation  and  applica¬ 
tion  of  scientific  advances  to  new  military  apace  systems.  Versatility  and 
flexibility  have  been  developed  to  a  high  degree  by  the  laboratory  personnel  In 
dealing  with  the  many  problems  encountered  In  the  nation's  rapidly  developing 
space  systems.  Expertise  in  the  latest  scientific  developments  Is  vital  to  the 
accomplishment  of  tasks  related  to  these  problems.  The  laboratories  that  con¬ 
tribute  to  this  research  are: 

AerophyBlcs  Laboratory:  Launch  vehicle  and  reentry  aerodynamics  and  heat 
transfer,  propulsion  chemistry  and  fluid  mechanics,  structural  mechanics,  flight 
dynamics;  high-temperature  thermomechanics,  gas  kinetics  and  radiation;  research 
in  environmental  chemistry  and  contamination;  cw  and  pulsed  chemical  laser 
development  including  chemical  kinetics,  spectroscopy,  optical  resonators  and 
beam  pointing,  atmospheric  propagation,  laser  effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions,  atmo¬ 
spheric  optics,  light  scattering,  state-specif ic  chemical  reactions  and  radia¬ 
tion  transport  in  rocket  plumes,  applied  laser  spectroscopy,  laser  chemistry, 
battery  electrochemistry,  space  vacuum  and  radiation  effects  on  materials,  lu¬ 
brication  and  surface  phenomena,  thermionic  emission,  photosensitive  materials 
and  detectors,  atomic  frequency  standards,  and  bloenvlronmental  research  and 
monitoring. 

Electronics  Research  Laboratory:  Microelectronics,  GaAs  low-noise  and 
power  devices,  semiconductor  lasers,  electromagnetic  and  optical  propagation 
phenomena,  quantum  electronics,  laser  communications,  Ildar,  and  electro-optics; 
communication  sciences,  applied  electronics,  semiconductor  crystal  and  device 
physics,  radiometric  imaging;  millimeter-wave  and  microwave  technology. 

Information  Sciences  Research  Office:  Program  verification,  program  trans¬ 
lation,  performance-sensitive  system  design,  distributed  architectures  for 
spaceborne  computers,  fault-tolerant  computer  systems,  artificial  intelligence, 
and  microelectronics  applications. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metal  matrix 
composites,  polymers,  and  new  forms  of  carbon;  component  failure  analysis  and 
reliability;  fracture  mechanics  and  stress  corrosion;  evaluation  of  materials  in 
apace  environment;  materials  performance  In  space  transportation  systems;  anal¬ 
ysis  of  systems  vulnerability  and  survivability  in  enemy-induced  environments. 

Space  Sciences  Laboratory:  Atmospheric  and  ionospheric  physics,  radiation 
from  the  atmosphere,  density  and  composition  of  the  upper  atmosphere,  aurorae 
and  alrglov;  magnetospherlc  physics,  cosmic  rays,  generation  and  propagation  of 
plasma  waves  In  the  magnetosphere;  solar  physics,  Infrared  astronomy;  the 
effects  of  nuclear  explosions,  magnetic  storms,  and  solar  activity  on  the 
earth's  atmosphere.  Ionosphere,  and  magnetosphere;  the  effects  of  optical, 
electromagnetic,  and  particulate  radiations  in  space  on  apace  systems. 


